lecithin is regarded as a safe ingredient when applied intravenously and is well-tolerated by patients, even during long-term therapy (6) (7) (8) . On an industrial scale, lecithin phospholipids have been used for years for the production of submicron emulsions, liposomal dispersions and mixed micelle formulations (9, 10) . Furthermore, att empts are made to employ lecithin in the formulation of new, parenteral drug carriers. Tests are in progress on such systems as solid lipid nanoparticles (SLN) (11, 12) , vesicular phospholipid gels (VPGs) (13) (14) (15) and aqueous lecithin dispersions (WLD) (16) (17) (18) .
Advancements in nanotechnology of drug-delivery carriers have led to the development of modern techniques used to characterize their properties, in particular, shape, size, surface and structure. Such properties can be studied by means of numerous instrumental methods such as photon correlation spectroscopy (PCS), laser diff raction (LD), intensity light scatt ering (ILS), electrophoretic light scatt ering (ELS), fi eld-fl ow fractionation, hydrodynamic chromatography, capillary zone electrophoresis, nuclear magnetic resonance spectroscopy, Fourier transform infrared spectroscopy and fi nally microscopic techniques (19, 20) .
Microscopic techniques fo r visualization of phospholipid drug carriers
A review of the literature indicates that microscopic methods are a valuable tool for the evaluation of various drug forms, including the parenteral forms created with the use (20) (21) (22) (23) (24) Att ribute of phospholipids. The simplest method, frequently used for initial testing, is optical light microscopy and its various modifi cations, while electron microscopy and atomic force microscopy are used when more detailed information is required (20) (21) (22) . Each of these methods requires sample preparation in a specifi c way, depending on the degree of complexity, and each involves diff erent capabilities and certain limitations, e.g., the risk of error or artifact formation. Below, we give an overview of diff erent microscopic techniques used for the visualization of dispersion systems, with special reference to phospholipid containing formulations. The benefi ts and drawbacks of the methods are indicated. Data contained in Table I constitutes an introduction to the comparative analysis of microscopic methods, while the more detailed description was divided into specifi c subsections, from light (optical) microscopy, electron microscopy to atomic force microscopy.
Light microscopy. -Light (optical) microscope is an instrument that uses a visible electromagnetic wave frequency of 400-700 nm length. The image obtained by the light microscope is created by means of a set of optical elements ( Fig. 1 ) and total magnifi cation of the sample, obtained by this technique, is usually limited to the range of 10-1500× (23).
Not only magnifi cation has an eff ect on the quality of the microscopic image, but, above all, the resolution of the optical system, i.e. the value corresponding to the smallest distance that divides two points, which in the microscopic image are perceived separately. According to Ernst Abbe's theory of microscopes (25) , the resolution of a microscope is limited by the light wavelength, as expressed by the following equation:
where d0 -resolution,  -light wavelength, NA -numerical aperture of the objective lens.
Cover slip choice, condenser NA and selection of liquid medium also aff ect the ultimate resolution. However, at best, the resolution of light microscopes is not higher than 0.2 m. Due to method limitations (small magnifi cation and low resolution), the light microscope is used only during the initial stages of testing conducted on submicron systems (22) . An indisputable benefi t of this method, however, is the apparatus availability, simple and user-friendly use of the microscope and fast preparation of the analyzed samples. The presented image indicates that the analysis of dispersion systems by means of an optical microscope can be used to preliminarily defi ne particle size and sample homogeneity rather than to evaluate the morphology and internal structure of individual lipid particles. In the literature (26, 27) , however, one can fi nd information about liposome visualization carried out by means of the light microscopy method, but it applies to large particles (above 500 nm) with complex structure only, e.g. giant unilamellar vesicles (GUV) or multilamellar vesicles (MLV). In the case of preparations containing particles smaller in size, this method is limited to detection of pronounced destabilization phenomena such as coalescence (submicron emulsion) or the formation of larger particle aggregates (SLN, WLD or liposomes dispersion). To obtain a more detailed analysis of the preparation and more complete information about the studied structures, it is possible to combine the light microscope with a polarizing or fl uorescence microscope into a single apparatus (23) .
Polarized light microscopy. -Polarization microscopy can be employed, among others, in the analysis of parenteral dispersion systems to confi rm the presence of liposomes or similar structures (WLD, vesicles in VPGs) in the studied formulation (Fig. 3) . Their anisotropic properties result from the ordered, concentric arrangement of phospholipid layers (22, 28, 29) . Once the polarized rays pass through the lamellar layers, arranged perpendicularly to the polarization plane, the so called "maltese cross" textures appear in the microscopic image. The obtained image is black and white (Fig. 3b, d , e and f). If, however, undulation is applied (a birefringent plate located in the way of polarized rays), it is possible to obtain additive interference colours, which appear more vivid, such as fi rst-order, blue, yellow and red (Fig. 3c) . Polarization microscopy is also used to detect the liposomes present in emulsion systems, because oil drops, in contrast to phospholipid vesicles, do not possess optically active properties (30) .
Fluorescence microscopy. -The phenomenon of fl uorescence can be used in the microscopic analysis of colloidal systems. Submicron drug carriers do not demonstrate such ability on their own (they are not capable of auto-fl uorescence); this is why lipophilic fl uorochromes (Sudan Black B, Oil Red O), as well as hydrophilic ones (sodium fl uorescein, fl uorescein isothiocyanate, carboxyfl uorescein) are used for visualization (23) . The image obtained by means of a fl uorescence microscope is always a negative of the image from a standard light microscope: fl uorescent objects appear on a dark background (22, 23) .
Some authors (31, 32) describe the method of using fl uorescence microscopy for the visualization of MLV and GUV, in which both the lipophilic structures and aqueous spaces can be stained. Our studies indicate that it is also possible to employ this visualization technique for the analysis of WLD dispersion, mainly in the initial stages of production (prior to homogenization), when lecithin particles create large multilamellar structures during the hydration process (Fig. 4a) . In the case of GUV, it is possible to conduct an observation detailed enough to detect damage on their surface/coating by means of fl uorescence microscopy and the ensuing test results can be used to assess the liposome production methods (31) . Also, the degree of discoloration of the formulation provides valuable information about the studied structures, since it can be an indication of diff erences in the composition of studied carriers, e.g., particles rich in cholesterol withhold more dye (due to their spherical nature) than cholesterol-free particles (polyhedron in structure) (32) .
Confocal microscopy. -Fluorescence phenomenon is also employed by a confocal microscope, also known as the confocal laser scanning microscope (CLSM). The light source in this case is a UV laser (e.g. Argon gas-laser, emitt ing diff erent excitation lines in the range of 437-514 nm) that illuminates the sample with a light spot of 0.1 μm in diameter, which moves quickly while scanning the preparation. This shorter wavelength improves the resolution of the fl uorescent image and makes it possible to regulate the intensity of sharpness, so that the preparation surface is scanned at a specifi c depth. In addition, the sum of sample "optical cross-sections" allows recreating the spatial dimensions of the studied objects. Like in the case of fl uorescence microscopy, the samples are stained with fl uorochrome and viewed in a hydrated state (22, 23, 33) .
Liposome dispersions are parenteral colloidal systems most frequently studied by means of the CLSM method. Although high resolution ability of an apparatus allows to obtain a good quality image of liposome vesicles, and even to defi ne their complex multilamellar internal structure, one should note that the majority of these type of studies refer to GUV, which can have as many as a dozen or so micrometers in size. Analysis of smaller systems (e.g., WLD formulation) by means of this method is much more problematic, as shown in Fig. 4b .
Electron microscopy. -The operation of an electron microscope is based on the same principle that governs the operation of a light microscope, except that electrons are used to illuminate the analyzed sample, instead of light (25) . The wavelength of visible light ranges from 400 to 700 nm, while it measures 0.004 nm for an electron beam. For this reason, when the light wave is replaced by an electron stream, the magnifi cation one can obtain in the electron microscope can reach as much as 100,000×, while the resolution can range from 0.1 to 0.5 nm.
The image-forming system in the electron microscope is analogous to that of the light microscope ( Fig. 1) . It incorporates the electron stream source (electron gun), which emits the electron stream at high density, forms it into a beam and accelerates it to working velocity (21, 23) . Electromagnetic lenses, which are the structural elements of the electron microscope, focus the electron beam just like glass lenses in the light microscope ( Fig. 1 ). Since electrons are easily defl ected by gas molecules, a high vacuum must be maintained in the electron column, within the range of 10 -3 -10 -4 Pa (10 -5 -10 -6 mbar). The image formed in the electron microscope is invisible; therefore, it must be projected onto a screen covered with the so called luminophore (a substance emitt ing visible light under electron bombardment) or a photographic emulsion or is processed electronically and displayed on a monitor (23) .
Transmission electron microscopy (TEM). -
The transmission electron microscope is an indispensable tool for imaging nanostructures present, among others, in pharmaceutical dispersion formulations. This is possible due to the microscope's high resolution power, which might be limited by the sample properties rather than by the equipment capabilities. In the transmission electron microscope the image is created by electrons, which have passed through the sample-transmitt ed primary electrons and scatt ered primary electrons (20, 21, 23) .
TEM -negative staining method. -An important element of TEM analysis is sample preparation. It is, in general, a multiple-stage process requiring great diligence, since it might be a source of artifacts and errors, which may aff ect image quality and the reliability of conclusions drawn from it. The most commonly used preparation method for the evaluation of colloidal formulations is the negative staining method (20) (21) (22) (23) 34) . Electrons are weakly defl ected by the components of submicron dispersion and this is the reason why the obtained image is characterized by low contrast. The largest electron defl ection is triggered by heavy metals (lead, osmium, wolfram, uranium, molybdenum, platinum), namely, by elements with a high atomic number. For that reason, preparations tested with TEM are "stained" by means of such compounds as uranyl acetate, osmic acid anhydride or ammonium molybdate. These substances have few negative eff ects on the sample, while, aft er drying, should form a thin, uniform layer on the sample surface. Staining is performed by placing a drop of the sample on a copper grid (in some cases, the grid is gold or carbon-coated), while the excess is removed by blott ing with fi lter paper. Next, the dye solution is added; aft er 2 min, it should be rinsed with water and air-dried. When ready, the preparation should be moved to the microscope chamber.
Negative staining can be used, among others, to visualize the size, shape and internal structure of a sample and this is why it is widely used for imaging parenteral pharmaceutical preparations, including those containing phospholipids: submicron emulsions, liposomes or WLD dispersions (Fig. 5) . It is not easy to obtain an image of good quality using the negative-staining method, while the key-stage in this technique is the right selection of a dye (in terms of type and quality). For instance, while analyzing systems containing phospholipids, it is recommended to cation-stain the sample with uranyl ion (35) . The cation binds with the phosphate group of phospholipids, facilitating the analysis of structures (e.g., lipid bilayers) formed in the aqueous environment.
The use of dyes, however, may aff ect the sample structure, while the staining may be non-uniform (20) (21) (22) . If some of the sample particles are stained correctly, while others remain invisible, the assessment of system homogeneity is unreliable. Caution, regarding conclusions drawn about the poly-dispersion of a sample or its contamination by other particle structures, should also be taken because of the fact that a very small fragment of a sample is subject to analysis. During staining, light or dark halos can form around some of the structures (e.g., liposomes) and can be incorrectly interpreted as the system of additional lamellar layers. Aft er staining, during the drying phase, a sample may get damaged by surface tension forces or due to the increase of electrolyte concentration. Changes in particle morphology may be also caused by high vacuum present in the microscope chamber, which contributes to sample drying, and by the damaging eff ect of the electron beam. Fig. 5c shows the negative consequences of an incorrectly conducted staining process.
Freeze-fracture TEM. -To improve the quality of a microscopic image in TEM analysis, one can employ the sample preparation method known as freeze-fracture. The application of this method allows eliminating the drying phase from the process (20-22, 28, 36) . In this method, the sample preparation process begins with fast-freezing (using liquid propane cooled by liquid nitrogen) of a thin sample layer fi tt ed between gold plates. The next phase involves fracturing of the sample, carried out under vacuum at temperature of approximately -100 °C. Aft er breakage disclosure, the sublimation process takes place on the ice surface and the deep-seated sample layers become more visible. Next, the cold-fractured surface is coated with an approx. 2-nm deep layer of platinum or gold. Metal sputt ering at a specifi c angle is a process known as "shadowing"; it allows increasing the contrast of the microscopic image. A slightly thicker (20-30 nm) carbon layer is deposited on the metal layer as it is "transparent to electrons", and its role is to strengthen the examined structure. Next, the specimen is returned to ambient temperature and subjected to chemical etching with chromic or sulphuric acid to remove the sample residue. A ready-made replica is carefully placed on the metal grid and then investigated in TEM (since it is durable, it can be stored and reused for analysis).
The freeze-fracture method employed for liposome imaging allows assessing, in detail, the bilayers present in such phospholipid systems, especially regarding multilamellar vesicles (Fig. 6a) . In the case of small unilamellar vesicles, the probability that the internal lamella will be disclosed is much smaller. The sample is usually fractured through the core of the hydrophobic bilayer. As a result, the planar view of the internal sample structure is obtained, allowing assessing the eff ect that the particular phases of liposome production have on their structure (20) (21) (22) 29) . The freeze-fracture method is also used with great success for the visualization of emulsion systems, since it allows assessing the droplet size (Fig. 6c) and detecting the presence of liposomes and coalescence phenomenon in emulsion systems (22, 37) . Good results are also obtained for SLN visualization (Fig. 6d) .
High resolution is an indisputable advantage of this method. In comparison with other methods, it can be obtained by applying higher electron doses. A drawback of this method is, however, a multi-phase character of the preparation process and the subsequent risk of making an error at one of the phases, e.g., insuffi cient sample freezing, adsorption of solvent molecules on the sample surface or mechanical damage.
Cryo-TEM analysis. -Sample fi xation by freezing is also employed in the cryo-TEM method, considered nowadays as one of the best methods for colloidal drug carrier characterization. Preparation of a good quality formulation is a multi-phase procedure (20) (21) (22) (23) . A drop of sample is applied to a copper grid covered with a porous carbon layer. The excess sample is removed by quick blott ing with fi lter paper leaving a fi lm of approx. 100 nm thickness, which fi lls up the holes in the carbon layer. Next, the sample is plunged-frozen in liquid ethane, cooled by liquid nitrogen. This process should be conducted quickly to avoid the formation of crystalline ice. In an ideal situation, water is vitrifi ed, i.e., transformed into a glassy state, where ice has an amorphous structure. Aft er freezing, the sample needs to be kept at the temperature of approx. -175 °C (in order to avoid the phase transition of vitrifi ed water into crystalline ice). For that reason, the sample is placed in a special, liquid nitrogen-cooled holder, which allows to transfer the sample into an electron microscope. Automatic systems are now used for sample freezing, since they are recommended due to improved repeatability (the obtained preparations have the same thickness) and the possibility to control temperature and humidity conditions during the entire process. To make sample analysis by means of the cryo-TEM method possible, the sample has to demonstrate the following characteristics: (i) the particle size should be within the submicron range, since larger particles will be removed at the drying phase, along with the excess sample, by quick blott ing with fi lter paper, (ii) the sample should not be characterized by excessively high viscosity, since difficulties may arise when making the preparation a uniform layer, (iii) highly concentrated samples should be diluted prior to analysis, to make sure that particles seen in the microscopic image are not densely concentrated (0.1-0.2 % is the recommended sample concentration).
Cryo-TEM method is commonly employed to assess the shape, size and internal structure of such drug carriers as emulsions, liposomes and solid lipid nanoparticles (Fig. 7) . This method can be also used for the analysis of WLD systems. In the case of liposomes and WLD, the method allows gett ing a relatively good contrast of the lipid bilayer; this is why it is frequently used for thickness and structure evaluation (Fig. 7b,c) . Moreover, it is relatively easy to distinguish liposomes from the micelles, that coexist in the studied system (28).
In some cases, it is possible to visualize the surfaces of modifi ed liposomes. Although, due to an overly low contrast of macrogol, it is not possible to use this technique to assess the PEGylated liposomes, one can use it to visualize liposomes (the so called "layersomes") coated with polylysine or polyglutamic acid (Fig. 7e) (21, 39) .
Cryo-TEM method can be also used to evaluate the process of encapsulating a drug substance into liposomes. Such tests were conducted, for instance, with doxorubicin, idarubicin, topotecan, vinorelbin and vincristin. Drug precipitates were visible in the microscopic image as discrete structures in the liposome core or as an increase in contrast of the liposome core, when the drug precipitated in amorphous form (Fig. 7d) (21, 38) .
In the image obtained by the cryo-TEM method, one can observe droplets of various size and contrast during visualization of the emulsion sample (Fig. 7a) . It is also possible to visualize the eff ect the excipients have on the morphology of emulsion droplets, e.g., aft er the addition of stearylamine to the emulsion composed of MCT oil and purifi ed egg yolk lecithin, one can observe a "handbag"-like structures in the cryo-TEM images (Fig. 7f) (40) .
Application of the cryo-TEM method helped elucidate a number of important structural characteristics of the SLN system. It was demonstrated, among others, that lipid nanoparticles visualized in the microscopic image can be of diff erent shape (circular, ellipsoidal or elongated), while their appearance changes according to the viewing angle (Fig. 7g) (20, 21, 41) . Moreover, precise visualization of the systems containing solid lipid nanoparticles, with liquid oil in their composition, bett er known as nanostructured lipid carriers (NLC), allows observing oil droplets att ached to the surface of solid lipids (Fig. 7h) .
Despite a number of benefi ts, the cryo-TEM method is not free of certain limitations and, like every microscopic method, is composed of a number of critical phases, regarding image quality. It may prove diffi cult to get a glassy ice layer at a specifi c thickness. The layer must be suffi ciently thin to be suitable for microscopic analysis, but also thick enough not to aff ect the sample structure. It is extremely important to continuously chill the sample during analysis, since changes in temperature and humidity may cause damage to the preparation. Despite fi xing, the sample remains susceptible to the damaging eff ect of the electron beam, manifested, e.g., as air bubbles in the preparation. This limits the sample viewing time and reduces the size of the applied electron doses. It may also happen that a non-uniform particle distribution is observed in the microscopic image. Larger particles band together in the thicker zone of the sample (close to the wire of the grid used as preparation carrier) are more susceptible to the damaging eff ect of the electrons (in consequence, they may remain undetected), while smaller ones move to the thinner layer (22, 21, 28 ).
To assess the particle size distribution, one needs to analyze a larger number of individual images and use appropriate soft ware. Despite the fact that some phases of the cryo--TEM method are automated, sample preparation is costly and time-consuming. Therefore, despite the increasing availability of this method for the colloidal drug carrier analysis, it is not used for the routine quality control of submicron preparations.
Scanning electron microscopy (SEM). -Scanning electron microscopy is used for studying sample surfaces and allows obtaining images with a great fi eld depth. It diff ers from the transmission microscope in its construction and principles of operation (Fig. 1) . The electron gun emits a concentrated electron beam that scans the sample surface coated with a metal layer during the preparation process. The metallic coat does not release electrons but emits some of the secondary electrons, which, along with the backscatt ered electrons, carry crucial information for image generation. The acceleration voltage for the scanning microscope measures 10-60 kV; it is lower, therefore, than the voltage used in TEM. Unfortunately, resolution is also weaker and measures 1-10 nm (20, 23) . Only the recently developed scanning microscopes with a modifi ed electron gun (fi eld emission scanning electron microscopes, FE-SEM) and additional detector allow obtaining a resolution power comparable to the resolution of the transmission microscope (42, 43) . Scanning microscopy does not furnish information about the internal structure of studied objects; its advantage, however, is that it allows assessing sample topography (quasi 3D projection) in contrast to two-dimensional images obtained by standard TEM (20) .
Due to the conditions present inside the SEM microscope (high vacuum: 10 -3 -10 -4 Pa), one cannot use this method to analyze liquid samples. The preparation methods of dispersion systems for SEM analysis, described in scientifi c publications, show signifi cant diff er-ences; one can distinguish, however, two basic phases: water removal from sample (a phase completed by drying at a critical point or freeze-drying) and surface-coating with metal (gold, platinum or palladium alloys) (20, 21, 43) .
In the case of submicron emulsions, such a procedure allows to assess the size of the internal phase and to determine system durability -visualization of coalescence phenomenon. In the case of liposome analysis, however, their dispersion is usually preceded by fi xation, whose role is to make the lipid bilayer more "rigid". For that purpose, formaldehyde and glutaraldehyde are used fi rst, followed by osmium tetroxide. If testing is conducted under an FE-SEM microscope, it is possible to use the acceleration voltage at very low values (2-5 kV) to hinder the damaging eff ect of the electron beam. Microscope resolution allows to conduct a detailed analysis of giant liposome surfaces and of changes in their appearance due to the PEGylation process (the surface of PEGylated liposomes is more irregular in character) (Figs. 8a,b) . The method also allows visualizing changes in liposome morphology and assessing their stability in long-term studies and visualizing liposome complexes with proteins and DNA (43) .
Cryo-SEM and freeze-fracture SEM analysis. -Like in the case of the TEM method, the preparation of a sample for SEM analysis can include the freezing phase based on the vitrifi cation eff ect (cryo-SEM) or freeze and fracture (in this case, the last phase involves coating with a metal layer) (Figs. 8c,d) (20, 42, 44) . The cryo-SEM method can be employed to test samples, which, due to high density, susceptibility to aggregate and lack of possibility to form a thin and uniform layer, are not suitable for the analysis by the cryo-TEM method. Furthermore, by cryo-SEM gives more comprehensive information about nonhomogenous samples, since a larger area of the preparation is studied. Using of cryo-FE- SEM analysis, it is possible to study emulsions, solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC). The method allows determining the shape and size of such particles and excluding the presence of oil droplets in NLC samples (44) .
ESEM and wet STEM techniques. -Environmental scanning electron microscopy (ESEM) is a recent advancement for electron microscopical interrogation of labile and biological specimens, primarily through conservation of specimen water by a partial pressure environment. This control allows imaging of hydrated samples such as colloidal drug carriers in a less-invasive manner, without preliminary sample preparation, in a more "natural" environment, owing to the application of a diff erential pressure system, which isolates the electron column (high vacuum) from the sample chamber (low vacuum) (20, 22, 43, 46) . In this case, the hydrated preparation is a source of vapour that participates in the creation process of the microscopic image. Secondary and backscatt ered electrons cause ionization of vapour molecules, generating secondary electrons. Newly-formed electrons can cause ionization of vapour molecules that follow, triggering a cascading reaction and strengthening the detector-reaching signal. The preparation can be viewed in the presence of water vapour or other gases.
With the ESEM method, one can not only obtain information about the shape, size, homogeneity and structure (Fig. 9) of emulsions, liposomes, WLD dispersions, niosomes, liposome complexes with nucleic acids, but also study parameter changes in real time (20, 22, 46) . Furthermore, it is possible to visualize the liposome and niosome formation process and assess their stability; for instance, it was demonstrated that the drug containing nanostructures are more stable and resistant to dehydration than "empty" liposomes or niosomes.
Applying a special unit composed of a Peltier module and a support for the grid, upon which the tested sample is placed (similar to TEM method), the ESEM microscope can analyze the particles contained within the entire volume of the preparation and not only on its surface. This method is known as the wet-scanning transmission electron microscopy. Thanks to this method, the particles suspended in the preparation are immobilized, which makes it possible to assess their properties and determine their surface structure (47) . Images of submicron emulsion and WLD, obtained by the wet STEM method, are given in Figs. 9b,c. Atomic force microscopy (AFM). -Atomic force microscope is one of the most frequently used microscope devices provided with a scanning probe (SPM) that have revolutionized the technical ability to characterize nanostructures. Such equipment allows to analyze samples (in their dry or hydrated state) in three dimensions, at a sub-nanometer resolution. The sample is scanned by a microprobe (the blade of 5-10 nm in diameter, fi tt ed to a cantilever), whose defl ections are recorded by a laser and photodetector.
The sample is most frequently scanned in two modes:
-contact mode -the blade moves over the preparation surface, -tapping mode -records changes in the amplitude of microprobe vibrations, triggered upon contact with a sample.
Atomic force microscopy is ideal for a non-invasive visualization of submicron drug carriers, since the sample does not require fi xing by freezing or staining (43, 48) . A drop of the tested dispersion is placed on freshly-cut mica and left to dry at room temperature. The sample prepared in this way and viewed using the AFM method, on the basis of a threedimensional image that also allows measuring particle size, can be used, e.g., to assess the liposome acquisition method (Fig. 10) (49) . As studies demonstrate (35) , the same liposome systems subjected to confocal microscope analysis showed smaller particle size. The reason for this diff erence was the adhesion of liposomes to the mica surface and the running of AFM test in ambient air, in contrast to hydrated sample testing performed by means of the confocal microscope.
High resolution used for liposome visualization allows studing in detail the lipid vesicles used as nucleic acid carriers. The use of AFM makes it possible to visualize DNA strand structures, the degree of their condensation and their interaction with liposomes or other particle components, e.g., polymers (49) . No other microscopic method allows examining samples in a non-destructive way with such a high degree of resolution.
Aside from information about sample topography, it is also possible to use AFM to study the mechanical properties of submicron particles. This method can be employed, among others, for the evaluation of surface elasticity during the testing of liposome stability. In this case, the microprobe of the microscope, while moving over the studied sample also moves up and down creating, as a result, a map of the preparation elastic properties. By means of this technique, it was demonstrated that cholesterol applied to a liposome composition increases its elasticity several-fold, in contrast to vesicles obtained from egg yolk phosphatidylcholine only (50) .
The AFM microscope can be also used to evaluate the nanocapsule formation process, since the apparatus allows distinguishing emulsion droplets (which nanocapsules are made of) from ready-made nanocapsules. As shown in the study (51) , it was also possible to determine the number of coating layers formed on nanocapsules and their rigidity due to the equipment's high level of precision.
Microscopy as a supporting technique for instrumental methods dedicated to particles size measurement
Various instrumental methods are used to determine the size of particles in parenteral products. The size of dispersed particles is important not only from the technological and biopharmaceutical points of view, but it is an important parameter because of patient safety when the product is intended for intravenous administration. The presence of subvisible particles (sized 1-50 μm) in parenteral fl uids may cause adverse reactions such as vein irritation, phlebitis, pulmonary granulomas, local tissue infarction, occlusion of capillaries and arteries, anaphylactic shock or even death (52, 53) . Current pharmacopoeias contain monographs that describe methods for testing diff erent types of particles: either specifi c for a certain drug product (e.g., injectable emulsions or liposome dispersions) or for detecting insoluble particles regarded as particulate contamination.
Apart from microscopic analysis, methods based on electronic measurement are proposed for determination of the particle size. The most popular are: (i) light obscuration particle count test; (ii) light diff raction techniques -laser diff raction test (LD) and (iii) dynamic light scatt ering (DLS). The latt er two are currently most frequently employed because of the ease of sample preparation, fast measurement procedure and possible simultaneous determination of the population of particles (19, 54, 55) . Such methods provide valuable information about the average particle size (D [4, 3] or Z-average in the LD and DLS technique, respectively) and particle size distribution and homogeneity (span value for LD and polydispersity index -PDI for DLS). However, one should remember that in LD and DLS methods the examined nanocarriers are assumed to be ideal spheres, while in reality the particles may be of a diff erent shape. This simplifi cation may conceal, for example, the presence of larger long particles though they can be responsible for destabilization of the system or possible vascular embolism aft er intravenous administration. As both techniques cannot distinguish between light scatt ering or diff raction by a single primary particle and agglomerates, it is also diffi cult to assess the nature of changes observed in the analyzed samples, e.g., during stability studies. Neither LD nor DLS method allow detecting in the formulation insoluble impurities from foreign bodies, because they are always in a small quantity if expressed as the percentage fraction of the total number of all particles present in dispersed systems. Thus, one should remember that, despite their advantages, these techniques exhibit certain limitations and should not be applied without further (microscopic) verifi cation. An example of such problems is demonstrated in detail in Fig. 11 showing the results obtained for one of the commercially available parenteral fat emulsions. Both DLS and LD analyses of the emulsion (Figs. 11a and b) demonstrated that 100 % of the particles were of submicron size: Z-average measured by DLS method was 286 nm and the volume mean diameter D [4, 3] estimated by LD was 330 nm. Size distribution range was narrow and averaged 0.155 (PDI) and 1.28 (span) for DLS and LD tests, respectively.
Microscopic examination of the emulsion performed at the same time has proven, however, that the product was contaminated by particulate matt er, sized up to 30 μm (Fig.  11c) . Moreover, the fl ake shape of observed particles allowed the conclusion that the plastic container used by the manufacturer as packaging was the source of contamination. Since the number of such fragments was less than 0.01 % of the total number of particles, they were not detected by the DLS and LD tests. Another microscopic method (cryo-TEM) demonstrated a more complex structure of the emulsion, with liposomes present beside oily droplets (Fig. 11d) . The size of these two types of particles was similar and the distinction be- Fig. 11 . Characterization of a commercial intravenous fat emulsion using four diff erent analytical techniques: a) DLS, b) LD, c) light microscopy and d) cryo-TEM microscopy. Only the light microscope enabled identifi cation of contamination by particulate matt er (arrows), sized up to about 30 μm (c) and with the electron microscope two types of nano-sized particles (oily droplets as dark circles, and liposomes as transparent circles) were distinguished (d).
tween them was impossible without the use of microscopic techniques. This example clearly indicated that additional techniques of particle analysis, such as electron or light microscopy, are highly recommended when studying parenteral drug delivery carriers, even if it is not required by authorities as a part of quality control.
CONCLUSIONS
In this publication, we have gathered information about the most important methods currently used in qualitative microscopic analysis (light, electron and AFM) of phospholipid parenteral dispersions. Although light microscopy methods are characterized by a rather low resolution not abling one to assess the morphology of particles present in the studied submicron dispersions, they can be defi nitely used for the preliminary analysis of these systems. With the use of an optical microscope, one can defi ne dispersion homogeneity, the presence of heterogeneous structures (which diff er in size or shape in contrast to standard particles), as well as make conclusions about system stability (tendency of the preparation to aggregate or separate is easily observed). An indisputable advantage of this microscopic technique is equipment availability and uncomplicated methodology of analysis. Furthermore, a skilful staining of the preparation by means of an appropriate fl uorochrome allows defi ning certain physicochemical properties of particles and exploring their structure (fl uorescence or confocal microscope). If, however, the aim of the study is to defi ne both the morphology of nanoparticles and their complex internal structure, it is necessary to employ one of the techniques of electron microscopy or atomic force microscopy. Microscopic techniques are also very useful for determination of particle size, as an additional and comparative method for electronic measurements (LD or DLS), especially in situations when the type of particles being investigated should be clearly characterized.
In the interest of this study, with regard to its clarity and cohesion, we have purposefully omitt ed discussion of the techniques of limited use in probing nanoparticles, such as the Electron energy-loss spectroscopy, Energy-fi ltered transmission electron microscopy, Energydispersive X-ray spectroscopy or AES -Auger electron spectroscopy (AES), belonging to a group of Analytical electron microscopy -for reference, see e.g. ref. 56 . Despite the enormous variety of research methods, one should suspect that the intensive growth of nanotechnology in numerous fi elds of science, non-excluding pharmaceutical technology, will be favorable for the development of subsequent, more advanced microscope visualization techniques.
The overview of diff erent microscopic methods presented in this study allows us to observe diff erences in the methods of sample preparation for analysis and image creation. Selection of an appropriate method allows obtaining a valuable information about the quality and properties of pharmaceutical products, including systems such as phospholipid, parenteral drug carriers. One should remember, however, that despite their numerous advantages, none of the methods are free of potential defects and errors. This is why it is necessary to combine microscopic methods with other analytical tests (20, 51) .
ses of WLD and submicron emulsions by the wetSTEM technique. Thanks are also due to Dr. Markus Drechsler from the Laboratory for Soft Matt er Electron Microscopy, University of Bayreuth, Germany, for excellent collaboration during cryo-TEM analysis. Dorothy and Barbara are kindly acknowledged for drawing our att ention to the problem of particulate matt er in parenteral emulsion and determining the particle size using DLS and LD methods.
